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 Potato tuber growth continued to be suppressed after the end of a high T episode. 
 Tuber growth was suppressed even when high T episode was before tuber initiation. 
 High T suppressed leaf area but shoot growth continued, thus starving the tubers. 
 Result emphasise importance of plant carbon balance for tuber growth under high T. 






Potato is adapted to mild climates, but climate change may increase its exposure to more 
high temperature episodes of greater severity. However, there is limited information on the 
likely response of potato to high temperature episodes. We investigated the growth of 













(Expt. 2). In both glasshouse experiments, plants were grown at 22 °C. At 35 days after 
planting (DAP) (Expt. 1) or 43 DAP (Expt. 2), plants were transferred to high temperature 
treatments of 26 or 30 °C for nine days then returned to 22 °C for 26 days. Tuber dry matter 
was reduced to a similar extent whether the high temperature episode occurred before or 
after tuber initiation. These effects were inconsistent with previously proposed mechanisms 
that attributed reduced tuber dry matter to starch synthase inhibition or increased 
gibberellic acid production. They were more consistent with insufficient whole plant carbon 
occasioned by reduced leaf area and continued shoot growth, particularly of the laterals, 
during and after the high temperature episode. Starch and sucrose distribution in the plants 
supported this but also suggested different mechanisms when the high temperature 
occurred before or after tuber initiation. 
Keywords: heat, leaf area, starch, sucrose, tuber initiation, tuber growth,  
1. Introduction 
Potato is increasingly exposed to episodes of high temperature due to climate change which 
can be expected to reduce its yields [1-5]. In some regions, such as Northwest China, potato 
crops already experience episodes that can last for more than seven days of temperatures 
above the 25 °C critical threshold for tuber growth [6]. While some studies have examined 
long term exposure of potato to increased temperatures [7-9], limited understanding exists 
regarding the influence of episodes of high temperatures (typical of the field situation) on 
the physiology and growth of potato plants and tubers. 
Episodes of high temperatures can occur at any stage of development during the growth of 
plants but thereafter plants often return to a lower temperature. Thus, the responses of 
plants during the high temperature period and after the end of the high temperature period 
become important. Prolonged soil and/or air temperatures above 25 °C impair tuber growth 
[5, 10-13] and can cause up to 100 % loss in tuber dry matter [8, 14, 15]. However, most 
studies only consider the influence of the high temperatures at the tuber growth stage [8, 
16]. Further, in most studies the potato plants were exposed to long-term high 
temperatures sometimes lasting from planting until harvesting and the data collected at the 
end of that period [7, 12, 15]. Therefore, there are questions about the relevance of these 
studies to the actual temperature conditions experienced by field grown potato plants. Less 
is known about how potato plants behave under conditions of episodic high temperature. 
Does a return of plants to cooler conditions after the end of an episode of high 
temperatures allow the plant and tuber growth to recover or are there any persistent 
effects of the high temperature episode? Moreover, in the few studies in which the potato 
plants were exposed to some episode of high temperatures, no data were collected at the 
end of the high temperature period [17] so responses occurring during the high 
temperature event could not be separated from those occurring after the high temperature 
event. 
In potatoes, the growth of other plants parts is reduced after tuber initiation [18]. However, 
potato plants exposed to continuous high temperatures experience reduced dry matter 
partitioning to the tubers and increased shoot growth [19-21]. Continuous high 
temperatures also alter the shoot structure in potatoes plants by promoting lateral shoot 
growth [22] which may contribute to the change in supply of photosynthates to the tubers 
[23-25]. However, in studies of whole plant responses to continuous high temperatures, the 













8]. Thus, it is unclear whether impacts of high temperature episodes on whole plant carbon 
production and distribution could partly explain the reduction in tuber yields. 
Depressed starch synthase activity is proposed as a mechanism that explains the reduction 
in tuber growth at continuous high temperatures. Starch synthase is responsible for starch 
deposition in storage organs including tubers [26, 27]. At temperatures above 25 °C, starch 
synthase activity rapidly declines leading to less starch accumulation in the organ hence less 
growth [28]. Thus, potatoes grown at temperatures above 25 °C show reduced tuber growth 
[29, 30]. 
Increased production of gibberellins has also been proposed as a mechanism that influences 
tuber growth in potato plants exposed to high temperatures. Gibberellins are linked to 
three responses of the potato plant to temperature. Gibberellic acid (GA) inhibits tuber 
initiation and hence reduces the number of tubers produced per plant [31, 32]. It also 
stimulates both shoot growth and stem elongation leading to increased shoot dry matter 
and taller plants [14, 31]. Further, GA reduces the activity of starch synthase at the tuber 
level leading to repartitioning of the sucrose that would otherwise go to tubers into the 
shoots and stolons [31, 33, 34]. However, the conclusions based on the inactivation of 
starch synthase and the increased production of GA at high temperatures were derived 
from studies in which potato plants were exposed to long-term effects of high temperatures 
without exposure to cooler conditions after the end of the high temperature period. 
Further, plants were never exposed to high temperatures before tuber initiation to 
investigate the subsequent impacts on tuber growth. Thus, important questions arise about 
what happens during and after an episode of high temperatures as is likely in the field 
situation. What mechanism (or mechanisms) controls the response of potato plants to an 
episode of high temperatures? Do the plants recover after an episode of high 
temperatures? Does an episode before tuber initiation have any impact on tuber growth 
and yield?  
The diurnal cycle of temperature also has an influence on crop growth and yields. Literature 
suggests that high night-time temperatures could cause more harmful effect on tuber 
growth than the high daytime temperatures [35, 36]. The same impact is also shown in 
other plant species such as rice and wheat [37, 38]). In this study, however, the daytime and 
nighttime temperatures were maintained constant. The study investigated the growth 
responses of potato plants during and after the end of a 9-day episode of high temperature 
applied either shortly before or after tuber initiation. 
2. Materials and methods 
Two experiments (Expt. 1 and 2) were conducted in glasshouses at Murdoch University, 
Perth (32 ° 04' S; 115 ° 50 ' E) Western Australia. Expt. 1 involved application of an episode 
of high temperature shortly before tuber initiation while in Expt. 2, the same high 
temperatures were applied after tuber initiation was confirmed. Expt. 1 was conducted 
from December 2015 to March 2016 and Expt. 2 from March to June 2016. 
2.1. Experimental design and treatment structure 
Each experiment had three treatments: the control, in which plants were grown and 
maintained at a constant temperature of 22 °C until final sampling, and two high 
temperature treatments in which plants were exposed to either 26 °C or 30 °C for nine days. 













planting (DAP). In Expt. 2, the high temperatures episode (after tuber initiation), 
commenced 43 DAP. After nine days at the higher temperatures, all plants were returned to 
22 °C and grown for a further 25 days until final sampling, being 70 DAP (Expt. 1) and 77 DAP 
(Expt. 2). 
2.2. Plant management 
The glasshouses were heated and cooled by reverse cycle air conditioners. Photoperiod 
ranged from 14 hours in December to 12 hours in March (Expt. 1) and from 12 hours in 
March to 10 hours in June (Expt. 2). In both experiments, the average relative humidity 
during the high temperature period was 48 % in 30 °C treatment, 84 % in the 26 °C 
treatment and 68 % in the 22 °C treatment. The average air temperature in the nominally 30 
°C treatment was 31 °C. The mean temperature of the growth media measured 10-cm 
below the surface using iButton Temperature Loggers DS1904L (ALPHAOMEGA Electronics, 
Spain) was 30, 25 and 23 °C, respectively, in the 30, 26 and 22 °C treatments. 
Photoperiod can affect tuber development in potato [39]). While there was a difference in 
the photoperiod between the two experiments, there was little difference in the observed 
tuber dry matter per plant for the control treatments in the two experiments. In Expt. 1, 
there was 60 g tuber dry matter per plant at 70 DAP and in Expt. 2, there was 70 g per plant 
at 77 DAP (see Figure 1). It should also be noted that potato is grown and harvested all year 
round in Western Australia. 
In both experiments, uniformly sprouted seed potatoes (cv. Royal Blue) were planted at a 
depth of 10 cm in 24-L woven potting bags filled with growth medium. The bags were 
already in the glasshouse at 22 °C. The growth medium was prepared by thoroughly mixing 
40 g of Osmocote, 40 g of Grower’s Blue, 20 g dolomite (CaMgCO3), 12 g lime (CaCO3) with 
29.5 kg of a commercial potting mix comprising 2 parts composted pine bark, 2 parts coarse 
river sand, and 1-part coco peat (Richgro, Western Australia). Additional Osmocote was 
applied on 35 DAP (Expt. 1) or 43 DAP (Expt. 2) at the rate of 16 g per plant. Osmocote 
contained 14 % N, 3 % P, 18 % K and 3 % Mg. Grower’s Blue contained 12 % N, 5 % P, 14 % K, 
9.8 % S. The growth medium was kept moist throughout the experiment. 
One vigorously growing shoot per plant was selected and the rest were removed 14 DAP in 
both experiments. Thereafter, extra shoots were removed as soon as they emerged. The 
main shoot was supported by a fibreglass stake. Extra plants were maintained for checking 
to ensure that the high temperatures were applied at the correct stage relative to tuber 
initiation. 
2.3. Data collection 
Three destructive samplings were conducted in each experiment. The first sampling was 
conducted on the day before commencement of the high temperature treatment, the 
second at the end of the high temperature episode and the third at the end of the 












At each sampling, four (Expt. 1) and six (Expt. 2) plants were sampled for leaf area, plant 
height, dry weights (shoot1, main shoot2, lateral shoots3, main stem4, leaves on the main 
shoot, leaves on lateral shoots, senesced leaves on the main shoot, senesced leaves on 
lateral shoots, and tubers), the total number of tubers and the tuber number in two size 
categories (tubers with diameter greater than or less than 2.5 cm). All laminae were 
removed from the petioles. The senesced sections of laminae were also removed after 
which the green leaf area was measured using a portable laser leaf area meter (C1-202, CID 
Bio-Sciences Inc. USA). All plant parts were put in paper bags and dried in a forced draught 
oven at 60 °C to constant weight. 
2.4. Analysis of water-soluble carbohydrates and starch 
Analysis of starch and water-soluble carbohydrates of potato plants were conducted at the 
Centre for Biosecurity and Food Security, Murdoch University. The water-soluble 
carbohydrates were estimated through ultra-high-performance liquid chromatography 
(UHPLC) and starch estimated colorimetrically using the phenol-sulphuric method and a UV-
Vis spectrophotometer. 
2.4.1 Plant samples 
Dried samples of the tubers, main stems and the leaves from the main shoots were ground 
into fine powder using an electric blender (Rocket Blender XJ-11401BO, Bella, USA). The 
ground samples were kept in 50-ml air tight jars in the dark until analysed. Water-soluble 
carbohydrates and starch were analysed in the tubers from all treatments but in the main 
stems and the main shoot leaves only analysed for the control and the 30 °C treatment. A 
total of 112 samples: 28 (Expt. 1) and 84 (Expt. 2) were analysed for the water-soluble 
carbohydrates. Each sample consisted of either four (Expt. 1) or 6 (Expt. 2) biological 
replicates. 
2.4.2 Estimation of the water-soluble carbohydrates 
One mg ml-1 stock solutions for fructose (99 %), glucose (99.5 % Gas Chromatography (GC)) 
and maltose monohydrate were prepared by dissolving 25 mg of the sugar in 25 ml of 50 % 
aqueous methanol (99.9 % HPLC grade). A stock solution of 10 mg sucrose ml-1 (99.5 % GC) 
was also prepared by dissolving 500 mg of the dry sugar in 50 ml of 50 % aqueous methanol. 
The standards were kept sealed in the dark at 4 °C. 
On the day prior to the analysis of the samples, a dilution series of the standards were made 
in 50 % aqueous methanol. The concentrations were 0.1, 0.3, 0.5, 0.7 and 1.0 mg ml-1 for 
each of fructose, glucose, maltose and sucrose. Two additional concentrations, 1.5 and 2.0 
mg ml-1, were included for the sucrose standard. The dilutions were also kept sealed in the 
dark at 4 °C. 
The water-soluble carbohydrates were extracted from the plant samples using a method 
adapted from Duarte-Delgado et al. [40]. Eight millilitres of 50 % aqueous methanol were 
added to 500 mg of the dry, powdered plant material. A blank sample of 8 ml of the 50 % 
aqueous methanol was also prepared. The samples were cleaned for 5 mins at 25 °C in a 
                                                                
1 Shoot – All the above ground plant part of the potato plant including the main stem, the branches (lateral 
shoots), petioles and leaves 
2 Main shoot – The shoot without the branches (lateral shoots) 
3 Lateral shoots – Branches of the main shoot 













digital ultrasonic cleaner (Model No. PS-20A, Branson Ultrasonics USA). The samples were 
then extracted for 60 mins at 17 rpm in an 80 °C water bath. The extracts were cooled to 22 
°C for 30 mins then transferred into 2-ml vials and centrifuged for 30 mins at 6000 rpm. The 
clear extracts were filtered through 0.22 µm filters into 2-ml HPLC vials. The filtered extracts 
were kept in the dark at 4 °C until analysed. The samples extracted for the water-soluble 
carbohydrates had no analytical replicates; the extraction was conducted only on the 
biological replicates. Mass Lynx v4.1 software was used for data acquisition and peak 
integration. Before the samples were injected into the UHPLC system, a blank sample 
containing only double-distilled (DD) water followed by two runs from the 1 mg ml-1 quality 
control (QC) sucrose standard were used to condition the column. The samples and sugar 
standards were then injected at random. The 1 mg ml-1 QC sucrose standard was also 
injected after every 10 samples for a system stability check. 
A WatersTM Acquity UHPLC system equipped with a 20 µL loop and a High-Resolution Mass 
Detector (WatersTM Q-Tof Premier Micromass Technology) was used to simultaneously 
separate and analyse the sugars. The system was run at 0.13 ml min-1 using a Shodex NH2P-
40 2B, 4 µM, 2.0 × 50 mm analytical column protected by a Shodex Asahipa NH2P-50G 2A, 5 
µm, 2.0 × 10 mm guard column. The column was at 35 °C and 250 psi. The sample 
temperature was 4 °C. An isocratic mobile phase of 75 % aqueous acetonitrile (99.9 % HPLC 
grade) and 0.05 % NH3 (35 %) was used. The injection volume was 2.0 µL. 
The sample run time was 15 mins. This allowed 10 minutes for cleaning the column and 5 
mins for injecting the sample. The cleaning procedure involved injecting an isocratic solution 
of 90 % aqueous acetonitrile for 5 mins followed by a 75 % aqueous acetonitrile solution for 
5 mins. The sugar sample was injected during the last 5 mins. 
2.4.3 Estimation of starch content 
Stock solution containing 1 mg ml-1 glucose standard was prepared by dissolving 50 mg of 
glucose in 50 ml of 0.7 M HCl (37 % ACS5 reagent). A glucose dilution series was prepared 
using 0.7 M HCl to give: 0.02, 0.04, 0.06, 0.08 and 0.1 mg ml-1. The dilutions were made in 
duplicate one day before the plant samples were analysed and kept sealed in the dark at 4 
°C. 
Starch from the plant samples was hydrolysed using a method adapted from Haebel et al. 
[41]. About 50 mg (tuber) or 200 mg (stem or leaf) sample was mixed with 20 ml of 0.7 M 
HCl. A blank sample of 20 ml 0.7 M HCl and two standard samples containing 20 and 50 mg 
of the starch standard were also prepared. The mixture was then cleaned in the ultrasonic 
cleaner for 5 mins and then hydrolysed for 3 hrs in a 99 ± 1 °C water bath. The hydrolysate 
was cooled at room temperature for 30 mins. Two ml of the cooled hydrolysate were 
transferred into a 2-ml centrifuge vial and kept sealed in the dark at 4 °C until analysed. Two 
samples of 20 and 50 mg starch standard and one QC tuber sample were included in each 
batch of samples processed. 
The glucose content of the hydrolysate was estimated using a UV-VIS Spectrophotometer 
(Beckman Instruments, Australia Pty Ltd). The method was adapted from Dubois et al. [42] 
and Albalasmeh et al. [43]. Two millilitres of the hydrolysate were centrifuged for 15 mins at 
6000 rpm. One ml of the supernatant was diluted 50 times by adding 49 ml of DD water. 
One ml of the diluted hydrolysate was pipetted into 15-ml Pyrex test tube. One ml of the 
                                                                













glucose standard concentrations was also pipetted into separate 15-ml Pyrex test tubes. 
One ml of 5 % fleshly prepared phenol was added, followed by 5 ml of concentrated 
sulphuric acid. The test tubes were then vortexed at 2000 rpm for 30 s and cooled at room 
temperature for 30 mins. To the cooled samples, 6 ml of DD water was added and the 
samples vortexed for 30 s. The test tubes were left to equilibrate at room temperature for 
15 mins. The absorbance of each sample was read at 490 nm. 
Only sucrose was detected in the analysis of the water-soluble carbohydrates. Starch and 
sucrose content (g plant-1) were calculated based on the measured concentration and the 
dry matter of the plant part. 
2.5. Data analysis 
All variables were subjected to one-way analysis of variance (ANOVA) through the General 
Linear Model (GLM) procedure of the Statistical Analysis Software (SAS), University Edition 
(SAS Institute, North Carolina, USA). Number and size distribution of tubers per plant were 
square root transformed to achieve homogeneity of variance but only the back-transformed 
data are reported. Analysis of leaf senescence was performed on the percent of the 
senesced leaf dry matter in relation to the whole plant leaf dry matter per plant. The 
significant means were compared using the Fisher’s Least Significant Difference (LSD) and 
reported at 5 % level of probability unless otherwise specified. 
3. Results 
3.1. Whole plant dry matter and partitioning 
In Expt. 1, the tubers had not formed by the end of the high temperature period (44 DAP) 
(Figure 1). In Expt. 2, there was 85 % less tuber dry matter in the 30 °C treatment than the 
control at the end of the high temperature period. At the final sampling, there was 34 % 
(Expt. 1) and 33 % (Expt. 2) less tuber dry matter per plant in the 30 °C treatment than the 
control. In the 26 °C treatment of Expt. 2, there was also 16 % less tuber dry matter per 
plant than in the control. 
Whole plant dry matter was 19 % less in the 30 °C treatment than the control in Expt. 1, 
both at the end of high temperature period and at the final sampling (Figure 1). In Expt. 2, 
treatments were not different at the end of the high temperature period but at the final 
sampling there was 22 % less whole plant dry matter in the 30 °C treatment than the 
control. Whole plant leaf dry matter was 24 % less than the control in the high temperature 
treatments at the end of the high temperature period of Expt. 1, but at the final sampling, 
there were no differences among the treatments. In Expt. 2, treatments were not different 
at the end of the high temperature period. At the final sampling, there was 22 % less whole 
plant leaf dry matter in the 30 °C treatment than the control. 
The below ground dry matter at the end of the high temperature period of Expt. 1 was the 
same in all treatments; tubers had not been formed in any treatments. However, at the final 
sampling, plants in the 30 °C treatment had 32 % less below ground dry matter than the 
control. In Expt. 2, the below ground dry matter per plant in the 30 °C treatment was 75 % 
less than the control at the end of the high temperature episode while at the final sampling, 
the difference was only 32 %.  
Dry matter partitioning between the tuber and the whole plant was altered differently by 












change in biomass partitioning between the tubers and the whole plant either at the end of 
the high temperature or at the final sampling. In Expt. 2, dry matter partitioning to the 
tubers decreased by 76 % (at the end of the high temperature period) and 16 % (at the final 
sampling) in the 30 °C treatment than in the control. Importantly, the shoot continued to 

















Figure 1: Whole plant, leaf, shoot, below ground and tuber dry matter per plant as influenced by a 9-day 
episode of high temperatures applied before (Expt. 1) or after (Expt. 2) tuber initiation. The high temperatures 
were applied from 35-44 (Expt. 1) and 43-52 (Expt. 2) days after planting (DAP), respectively. Error bars are LSD 













3.2. Shoot biomass partitioning and elongation 
There was 20-22 % less main shoot dry matter per plant (i.e. the shoot without the laterals) 
in the high temperature treatments than the control at the end of high temperature period 
in Expt. 1 (Figure 2) but, there was no significant among the treatments at the final 
sampling. In Expt. 2, plants in all treatments had the same dry matter on the main shoot 
both at the end of the high temperature period and at the final sampling. At the end of the 
high temperature period, plants in all treatments had partitioned the same proportion of 
dry matter to the lateral shoots relative to the main shoot. This also held for the final 
sampling in Expt. 1, although there was some tendency for more dry matter partitioning to 
the lateral shoots than the main shoot in the 30 °C treatment. By the final sampling of Expt. 
2, a higher proportion of shoot dry matter had been partitioned to the lateral shoots in the 
30 °C treatment than in the control. 
In Expt. 2, plants in the 30 °C treatment were 22 % shorter than the control at the end of the 
high temperature period (Fig. 3) but by the final sampling of both experiments, plants in all 






















Figure 2: The main shoot dry matter per plant and the dry matter on the lateral shoot as a percentage of the 
main shoot dry matter as influenced by an episode of high temperatures applied before (Expt. 1) or after (Expt. 
2) tuber initiation. The high temperatures were applied from 35-44 (Expt. 1) and 43-52 (Expt. 2) DAP, 





Figure 3: The length of the main stem per plant as influenced by an episode of high temperatures applied 
before (Expt. 1) or after (Expt. 2) tuber initiation. The high temperatures were applied from 35-44 (Expt. 1) and 













3.3. Number and size distribution of tubers per plant 
In both experiments, plants in all treatments had the same total number of tubers and 
number of tubers with diameter of more than 2.5 cm (Table 1). However, there were 45 % 
more tubers with the diameter of less than 2.5 cm in the 30 °C treatment than in the control 
at the final sampling of Expt. 2. 
Table 1: Total number and size distribution of tubers per plant as affected by a 9-day episode of high 
temperatures applied before (Expt. 1) or after (Expt. 2) tuber initiation. The high temperatures were applied 
from 35-44 (Expt. 1) and 43-52 (Expt. 2) days after planting (DAP), respectively. Analysis was conducted on 
square root-transformed data. Only back-transformed means are presented in the table. D = tuber diameter at 











Means marked with the same letter within a row are not significantly different, NS = Not significant.  
 
3.4. Leaf expansion and senescence 
At the end of the high temperature period in both experiments, there was approximately 35 
% less leaf area per plant in the 30 °C treatment than in the control (Figure 4). By the final 
sampling, all treatments in Expt. 1 had the same total leaf area. In Expt. 2 however, there 
was no recovery of leaf area. Plants in the 30 °C treatment at final harvest had 
approximately 23 % less whole plant leaf area than the control. 
The leaf area on the main shoot in the 30 °C treatment was approximately 35 % less than 
the control at the end of the high temperature period in both experiments. At the final 
sampling, the main shoot leaf area in the 30 °C treatment was 41 % (Expt. 1) and 37 % (Expt. 
2) less than in the control. In Expt. 2, the main shoot leaf area in the 26 °C treatment was 
also 25 % less than the control at the final sampling. Not all treatments had developed 
lateral branches at the end of the high temperature period so there was insufficient data for 
analysis at that stage in either experiment. At the final sampling, leaf area of the lateral 
shoots relative to main shoot was 60 % (Expt. 1) and 56 % (Expt. 2) higher in the 30 °C 
treatment than in the control.  
The high temperature period markedly increased leaf senescence in Expt. 2, particularly on 
the main shoot (Table 2). At the final sampling the main shoot had 58 % (26 °C treatment) 
and 137 % (30 °C treatment) more senescence than the control. Leaf senescence on the 
lateral shoots was not significantly different among the treatments. 
DAP 22 °C 26 °C 30 °C LSD 0.05 
Expt. 1 (Before tuber initiation) 
70 DAP 
Total 28 35 28 NS 
D > 2.5 cm 11 11 9 NS 
D < 2.5 cm 17 24 19 NS 
Expt. 2 (After tuber initiation) 
52 DAP 
Total 18.6 16.5 18.1 NS 
D > 2.5 cm 1.3 1.5 0.0 NS 
D < 2.5 cm 17.3 15.0 18.1 NS 
77 DAP 
Total 21.2 20.6 30.7 NS 
D > 2.5 cm 8.7 6.7 8.0 NS 














Figure 4: Whole plant, main shoot and lateral shoot leaf area per plant as influenced by a 9-day episode of high 
temperatures applied before (Expt. 1) or after (Expt. 2) tuber initiation. The high temperatures were applied 
from 35-44 (Expt. 1) and 43-52 (Expt. 2) days after planting (DAP), respectively. Error bars are LSD at P = 5 %. 





















Table 2: Whole plant, main shoot and lateral shoots senesced leaf dry matter per plant as affected by a 9-day 
episode of high temperatures applied after (Expt. 2) tuber initiation. Percent leaf senescence is based on 
respective component of leaf dry matter.  
Growth parameter Senesced leaves as % of the whole plant leaf dry matter in Expt. 2 
DAP 22 °C 26 °C 30 °C LSD 0.05 
Whole plant leaves 52 DAP 2.1b 2.1b 7.2a** 2.56 
77 DAP 15.9c** 24.4b* 34.2a 8.44 
Main shoot leaves 77 DAP 16.9c*** 26.7b* 40.0a 9.19 
Lateral shoot leaves 77 DAP 11.2 14.8 14.0 NS 
*, **, and *** means significant at p < 0.05, 0.001 and, 0.0001 respectively, means with same letters in the 
same row are not significantly different, NS = Not significant. 
 
3.5. Tuber sucrose concentration and content 
At the final sampling of Expt. 1, plants in the 26 °C treatment had 12 % lower sucrose 
concentration and 63 % lower sucrose content than in the control (Figure 5). In Expt. 2, at 
the end of the high temperature period there was 28 % (26 °C) and 45 % (30 °C) lower 
sucrose concentration and 92 % (30 °C) lower sucrose content in the tubers of the high 
temperature treatments than the control. At the final sampling, there was no significant 
difference in sucrose concentration among treatments. The tubers in the 30 °C treatments 
were 31 % lower in sucrose content than the control. Between the two samplings, sucrose 
content of the tubers in the 30 °C treatment had increased 16-fold whereas that of the 
tubers in the control and the 26 °C treatments, had only increased 2 to 3-fold during the 
same period. Comparing the two experiments, at the final sampling of Expt. 1, sucrose 
concentration and content were reduced in the tubers of the 26 °C treatment compared to 
the control. In Expt. 2, sucrose concentration was not significantly affected by any treatment 














Figure 5: Sucrose concentration and content in the tubers at the end of the high temperature period (Expt. 2) 
and at the final sampling (Expt. 1 and 2) as influenced by a 9-day episode of high temperatures applied before 
(Expt. 1) or after (Expt. 2) tuber initiation. The high temperatures were applied from 35-44 (Expt. 1) and 43-52 
(Expt. 2) days after planting (DAP), respectively. Error bars are LSD at P = 5 %. 
 
3.6. Tuber starch concentration and content 
At the final sampling of Expt. 1, tubers from all treatments had the same starch 
concentration but the starch content of the tubers in the high temperature treatments were 
26 % (26 °C) and 33 % (30 °C) lower than in the control (Figure 6). 
At the end of the high temperature period of Expt. 2, there was 7 % (26 °C) and 21 % (30 °C) 
lower starch concentration and 87 % (30 °C) lower starch content in tubers in the high 
temperature treatments than in the control. At the final sampling, starch concentration and 
content of the tubers were still lower in the high temperature treatments. In the high 
temperature treatments there was 16 % (26 °C) and 5 % (30 °C) lower starch concentration 
and 29 % (26 °C) and 36 % (30 °C) lower starch content in the tubers than in the control. 
Notably, the starch concentration in the 30 °C treatment increased by 26 g 100 g-1 of tuber 
dry matter between the end of the high temperature period and the final sampling. In the 
control and the 26 °C treatment, the increase was only by 10.6 (control) and 12.4 g (26 °C 
treatment) 100 g-1 of tuber dry matter. Comparing the results at the final sampling of the 
two experiments, starch concentration was only reduced relative to the control, in the 













the high temperature treatments in both experiments and the reductions were of a similar 
extent. 
 
Figure 6: Starch concentration and content in the tubers at the end of the high temperature period (Expt. 2) and 
at the final sampling (Expt. 1 and 2) as influenced by a 9-day episode of high temperatures applied before 
(Expt. 1) or after (Expt. 2) tuber initiation. The high temperatures were applied from 35-44 (Expt. 1) and 43-52 
(Expt. 2) days after planting (DAP), respectively. Error bars are LSD at P = 5 %. 
 
3.7. Sucrose concentration and content of the main shoot leaves and stems 
In Expt. 1, the main shoot leaves of the 30 °C treatment were 65 % higher in sucrose 
concentration and 47 % higher in sucrose content relative to the control at the final 
sampling. However, neither the concentration nor the content of sucrose in the main stems 
differed between treatments (Figure 7). In Expt. 2, treatments were not different in either 
sucrose concentration or content of the main shoot leaves or the main stems at the end of 
the high temperature period. At the final sampling, sucrose concentration in the main shoot 
leaves was still not significantly different among treatments. However, the sucrose content 
in the main shoot leaves was 55 % lower in the 30 °C treatment than in the control. The 
main stem in 30 °C treatment was 57 % lower in concentration and 55 % lower in sucrose 













the main shoot leaves of the high temperature treatments in Expt. 1. The main stems were 
not significantly different among treatments. In Expt. 2, there was less sucrose content in 
the main shoot leaves of the high temperature treatments. Further, the main stems had 
both lower sucrose concentration and content in this experiment. 
 
 
Figure 7: Sucrose concentration and content in the main shoot leaves and stems at the end of the high 
temperature period (Expt. 2) and at the final sampling (Expt. 1 and 2) as influenced by a 9-day episode of high 
temperatures applied before (Expt. 1) or after (Expt. 2) tuber initiation. The high temperatures were applied 
from 35-44 (Expt. 1) and 43-52 (Expt. 2) days after planting (DAP), respectively. Error bars are LSD at P = 5 %. 
 
3.8. Starch concentration and content of the main shoot leaves and stems  
At the final sampling of Expt. 1, there was 13.4 % higher starch concentration but 29.4 % 
lower starch content in the main shoot leaves in the 30 °C treatment than the control 
(Figure 8). Starch concentration in the main stems was not significantly different among 
treatments but the main stems of plants in the 30 °C treatment had 12.4 % lower starch 
content than the control. In Expt. 2, treatments were not different in either starch 
concentration or content of the main shoot leaves or the main stems at the end of the high 
temperature period. At the final sampling, the 30 °C treatment had 5 % higher starch 
concentration and 38 % less starch content in the main shoot leaves than in the control. In 
the main stems, there was 5 % lower starch concentration in the 30 °C treatment than in the 














Figure 8: Starch concentration and content in the main shoot leaves and stems at the end of the high 
temperature period (Expt. 2) and at the final sampling (Expt. 1 and 2) as influenced by a 9-day episode of high 
temperatures applied before (Expt. 1) or after (Expt. 2) tuber initiation. The high temperatures were applied 
from 35-44 (Expt. 1) and 43-52 (Expt. 2) days after planting (DAP), respectively. Error bars are LSD at P = 5 %. 
 
4. Discussion 
The reduced tuber dry matter at the end of the high temperature period relative to the 
control plants is consistent with previous studies [8, 44-46]. However, there are two 
important novel findings from the present study. Firstly, the reduction in tuber dry matter in 
Expt. 1 was very similar to that in Expt. 2 even though there were no tubers present when 
the high temperature episode was applied. Secondly, in Expt. 2, tuber dry matter 
accumulation in the high temperature treatments (26 and 30 °C) continued to be 
suppressed relative to the control (22 °C) after the end of the high temperature episode, 
even though the plants were growing at 22 °C. In both cases, the suppression of tuber 
growth due to the high temperature treatments occurred under temperatures that should 
have been favourable for tuber growth. 
The reduction in tuber growth due to the high temperature episode can be largely 
attributed to the reduction in the leaf area in conjunction with the continued shoot growth. 
In both experiments, the high temperature treatments only had about 60 % of the leaf area 













and at the final sampling. This reduction in the main shoot leaf area both at the end of the 
high temperature period and at the final sampling means that the whole plant carbon 
production was negatively influenced even if the high temperatures did not significantly 
impair the photosynthetic efficiency of the leaves, as has been indicated in some studies 
[47].  While total shoot biomass was not altered by the high temperatures, there was a 
change in the architecture of the shoots, resulting from the expansion of lateral shoots 
relative to main shoots when plants were grown back at cooler temperatures. Not only are 
young rapidly developing leaves photosynthetically inefficient [48-50], but also the initiation 
of new shoots and leaves (in this case on the laterals) requires relatively more sucrose per 
unit dry weight [51]. This would have exacerbated the competition for sucrose caused by 
the unchecked growth of the lateral shoot, leaving less sucrose for translocation to the 
tubers for conversion into starch. 
While the substantial change in leaf area would have a direct impact on plant carbon supply, 
this may be modulated by the effect of temperature on net photosynthesis per unit leaf 
area. To date, reports on the effect of elevated temperature on net photosynthesis in 
potato leaves are inconsistent. Different studies show increased, decreased or no change in 
photosynthetic rate at the point scale [16, 47]. Further, there have been no studies on 
whether effects on photosynthesis persist after the end of a high temperature episode. This 
is an area that requires further study to understand field responses. 
The results of sucrose and starch analysis for the various parts of the plant also support the 
idea that it was the scarcity of carbon at a whole plant level that depressed tuber dry matter 
after the high temperature episode. In Expt. 2, there was less sucrose and starch in the 
tubers at the final sampling and neither sucrose nor starch accumulated in the main shoot 
leaves or in main stems of the high temperature treatments either at the end of the high 
temperature period or the final sampling (Figure 5; Figure 6; Figure 7; Figure 8) as might 
have been expected if the reduction in tuber growth had been a direct primary impact of 
the treatments [8, 52]. At the final sampling of Expt. 1, the data again indicated limiting 
whole plant carbon supply. The tubers in the high temperature treatments were smaller and 
had less sucrose and starch content relative to the control. While the main shoot leaves of 
the high temperature treatments had higher sucrose and starch concentration this was only 
reflected in higher sucrose content; starch content was lower. Indeed, the increase in 
sucrose content was an order of magnitude smaller than the reduction in starch content.  
The reason for the increase in leaf sucrose concentration and content is unclear. While it 
might be suggested that the elevated temperatures inhibited sucrose synthase in the leaves 
during the nine-day episode, and hence conversion of the sucrose to starch, it seems 
unlikely that the inhibition should persist for 26 days at 22 °C between the end of the 
episode and the final sampling. It is also inconsistent with the results of Expt. 2.  Nösberger 
and Humphries [53] observed a feedback mechanism in which a reduction in the growth of 
the tubers increased the amount of sugar and starch deposits in the stems and leaves. 
However, no tubers were present at the time that the high temperatures were imposed in 
Expt. 1, and starch content fell rather than increasing. 
It is possible that the tubers in high temperature treatments of Expt. 1 formed fewer cells 
due to being initiated when the carbon supply was constrained due to reduced leaf area 
coupled with competition from continued shoot growth [54, 55]. Tuber cell number is 













expand less rapidly due to limited starch storage capacity [56-58]. However, again, if this 
mechanism did cause a feedback to the shoots, increased leaf starch content would have 
been expected.  
The reduction in the tuber dry matter per plant at the final sampling in this study was not 
likely caused by a reduction in starch synthase activity. Starch synthase is responsible for the 
incorporation of starch in to potato tubers and hence tuber growth [29, 59, 60]. However, 
starch synthase is highly susceptible to high temperatures with activity reducing quickly at 
temperatures above 25 °C which impairs the conversion of sucrose to starch [28, 61, 62]. 
The inactivation of starch synthase has been linked to the reduction in tuber growth [30, 
63]. However, in the current study, tuber yields were not only reduced in plants that had 
had no tubers present during the exposure to high temperatures, there was also less tuber 
dry matter accumulation after all the plants had been returned to the lower temperature of 
22 °C; a temperature that would be optimal for starch synthase activity and hence tuber 
growth. Further, while the inhibition of starch synthase has been shown to reduce the 
amount of starch in the tubers, this inhibition also caused the sucrose in the tuber to 
increase [29, 30, 64]. In our results, sucrose concentration or content in the tubers was 
either unchanged or reduced (Figure 5; Figure 6). 
The results of the current study are not consistent with an increase of gibberellic acid (GA) 
at high temperatures. Increased GA has been proposed as a mechanism responsible for the 
reduction in tuber dry matter in potato plants grown at high temperatures [32]. The 
application of GA on potato plants has been shown to impair tuber initiation and reduce the 
number of tubers per plant but stimulate the shoot and stolon growth and stem elongation 
[31, 65, 66]. In addition, it is proposed that GA inhibit conversion of sucrose to starch (via 
inactivation of starch synthase) at the tuber level. Together these effects attributed to GA 
lead to a reduction in sink size for the deposition of starch and the stimulation of the shoot 
growth that diverts the dry matter from tubers [9, 14, 32, 36]. However, some reports show 
that tuber dry matter is reduced under high temperatures even when the shoot dry matter 
is also reduced [8]. 
In our results, there was no indication of tuber initiation being inhibited. Plants in all 
treatments had the same number or more tubers per plant than the control (Table 1). 
Further, the length of the main shoot was less at the end of the high temperature period 
and this continued when plants were grown back at cooler conditions. Rather, after the end 
of the high temperature period the laterals expanded more than in the controls (Figure 1; 
Figure 2; Figure 3; Figure 4). Fleisher et al. [22] also reported that it was the lateral shoots 
that grew under high temperature, not the main stem. Collectively these responses are 
more characteristic of an auxin response [67, 68] than elevated GA. 
 
5. Conclusion 
a. A high temperature episode had both a concurrent and a residual impact on the growth 
of potato plants and tubers. 
b. The suppression of tuber growth by the high temperature episode could not be 
attributed solely to the inactivation of starch synthase because the reduction in tuber 
growth continued after the end of the high temperature period when plants were again 













dry matter occurred even though there were no tubers present when the plants were 
exposed to the high temperature. 
c. The reduction in tuber yield and the starch content of the tubers was consistent with a 
reduced carbon supply to the tubers occasioned by reduced plant leaf area concurrent 
with continued shoot growth. 
d. Short plants at the end of the high temperature period, together with the stimulation of 
the lateral shoots after the end of the high temperature period were inconsistent with 
increased gibberellic acid and more characteristic of an effect of auxins. This requires 
further exploration. 
e. Results suggest importance of whole plant carbon dynamics in tuber growth under high 
temperatures. 
f. In field conditions, potato plants are exposed to diurnal changes in temperatures, are 
multi-stemmed and grow in canopy, are predisposed to warmer conditions before hot 
temperatures events and are exposed to irrigation and nutrition. These differences 
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